Campy/abaeter jejuni is the most frequently reported cause of food borne illness in the United States, but its survival outside the host is poor. The objective of this research was to examine the formation and composition of biofilms by C. jejuni alone and within mixed bacterial populations from the poultry-processing environment. C. jejuni growth was assessed with four media, two temperatures, and two atmospheric conditions to develop culture methods for liquid media that would allow growth within the biofilms. Growth kinetics was followed at four cell densities to determine temporal compatibility within biofilm mixtures. Analysis of the biofilms by confocal laser scanning microscopy showed that C. jejuni formed a biofilm when incubated without other bacteria. The average surface area of stainless steel covered by C. jejuni increased by 50% from 24 to 48 h, remained level to 96 h, and then decreased by 88% by 168 h. C. jejuni and mixed bacterial populations formed biofilms during incubation periods of up to 7 days. The area of the mixture was significantly greater than for C. jejuni alone at 24 h, was approximately the same at 48 h, and was significantly less by 168 h. When incubated with either of two initial inoculum densities of other bacteria, the number of C. jejuni was enhanced after 24 h. The intensity of fluorescence and cell viability were monitored by epifluorescence microscopy. This study provides the basis for studying interactions of Campy/abaeter spp. with other bacteria in the environment, which will aid in the design of effective intervention strategies.
The reduction and elimination of microbial pathogens in food products are the most pressing food safety problems today. To establish scientifically based regulatory guidelines, information is needed on the growth and survival of specific pathogens in situ, such as Campylobacter jejuni. Although C. jejuni is a commensal organism in poultry (16) , it is also a major food pathogen associated with poultry products. In humans, C. jejuni is the etiologic agent of acute inflammatory enteritis, which may be associated with Guillain-Barre syndrome, a disease of the peripheral nervous system (10) . The consumption of undercooked or improperly handled poultry products is considered a major route of infection (16) . Reduction of the incidence of this bacterium on raw poultry products will lead to a decrease in related food borne illness.
One source of Campylobacter in poultry-processing facilities may be equipment surfaces that have come in contact with contaminated broiler carcasses (12, 13) . When bacterial cells attach to a surface, their extracellular fibrils form a complex matrix with other microbes and debris (1) . The ultimate composite is a biofilm. The release of bacteria, such as C. jejuni, from biofilms may subsequently contaminate products that pass over the surface of the processing equipment.
Little is known about the presence of C. jejuni in biofilms on the surfaces in poultry-processing facilities. However, a recent study by Trachoo et al. (23) demonstrated that C. jejuni survives in biofilm formed on polyvinyl chlo-ride used in poultry house water systems. Research on the attachment and viability on chicken skin of C. jejuni constitutively expressing green fluorescent protein (gfp) indicated that the bacterium can attach to skin, survive, and multiply during product storage at refrigeration or room temperature (7) . Use of the strain that expressed gfp allowed the nondestructive detection of the pathogen on surfaces by confocal laser scanning microscopy (CLSM). The gfp of Aequorea victoria, encoded by the reporter gene gfp, is palticularly useful for this type of study because it has been shown to be stable and resistant to photobleaching, and it does not require an exogenous substrate (6) .
The specific objective of this study was to examine the attachment of C. jejuni with and without other bacteria in biofilms on stainless steel. Methods were developed for producing biofilms that included bacteria isolated from the poultry-processing environment and the target pathogen, C. jejuni. The pathogen, constitutively expressing gfp, was observed by CLSM and epifluorescence microscopy. We investigated the incidence of C. jejuni on stainless steel with and without concomitant exposure to biofilms of other microbial populations, its viability, and its fluorescence during incubation periods of up to 7 days.
MATERIALS AND METHODS
Test surfaces. The coupons in this study were made of an ll-gauge (3.04-mm-thick), 304 American Iron and Steel Institute SS601-477-25M-GP stainless steel plate with a 2B mill finish. Coupons (1 by 4 cm) cut from the same sheet of plate were obtained from Stork Gamco, Inc. (Gainesville, Ga.). Prior to use in experiments, coupons were soaked at room temperature in a 2% detergent solution (Micro, cat. no. 6732, International Products, Burlington, N.J.) for 5 min, gently scrubbed with a soft towelette (Wypall), and then rinsed for 5 min under tap water to remove residual detergent. Coupons were placed in sterile test tubes containing at least 5 mJ of distilled water, covered, and treated by sonication for 30 min to remove extraneous metal and other material from the surface. The steel pieces were air dried and placed in sterile uncovered petri plates under UV light (l00 I-lW/cm 2 ) for 48 h on each side to eliminate bacterial contamination prior to use.
Bacterial growth. C. jejuni that expressed gfp (c. jejuni) was derived from the parent strain, C.jejuni RM1221, which was isolated from a retail chicken carca,ss (14) . Both strains were obtained from Robert Mandrell (U.S. Department of Agriculture, Agricultural Research Service, Albany, Calif.) via Robett Phillips (U.S. Department of Agriculture, Food Safety and Inspection Service, Athens, Ga.). To confirm the identity of C. jejuni in the present study, the strains were tested by the latex slide agglutination (INDX-Campy (jel) [Panbio Inc., Columbia, Md.] polyclonal antibody test) and PCR assays that confirmed C. jejuni by the presence of the specific 735-bp product of the hippuricase gene (9) . C. jejuni subsp. jejuni 49943 from the American Type Culture Collection (Manassas, Va.) and C. jejuni RMI221 were used as positive controls for all assays.
C. jejuni was grown in brucella broth (Hardy Diagnostics, Santa Maria, Calif.) at 42°C in a microaerobic environment (5% 02> 10% CO 2 , and 85% N 2 ) to an absorbance of 0.8 at 410 nm. Aliquots (0.5 mJ) of the culture were subsequently dispensed into 2-ml cryovials containing 40% glycerol (0.5 ml) and frozen at -40°C. Growth characteristics of cultures of C. jejuni were determined by spectrophotometry (Beckman Instruments, Inc., Fullerton, Calif.) in duplicate trials for each of three types of broth: Bolton's (Oxoid Ltd., Ogdensburg, N.Y.) without blood, brucella, and Trypticase soy (TSB; BBL, Becton Dickinson, Sparks, Md.).
A natural bacterial population for biofilm formation was obtained, as previously described by Arnold and Silvers (3), from a saline rinse of defeathered, whole broiler carcasses collected in a commercial poultry-processing facility. The whole carcass rinse (WCR) was incubated in test tubes containing TSB under static, aerobic conditions at 37°C for 18 h. Isolates from the WCR culture were previously identified (5). Equal volumes (0.5 mJ) of the WCR were mixed with 20% glycerol in cryovials and stored at -70°C. To resuscitate, 200 I-ll of the WCR was added to 9 ml of Bolton's broth and incubated for 18 h at 37°C. The initial broth used to store the WCR in stock was TSB, because many bacteria grow well in it. Our previous publications described media testing that determined the selection of TSB for the growth of mixed cultures of isolates and biofilm production (3, 5) . However, Bolton's broth was selected in this study, because C. jejuni growth was optimum in this broth when compared with bnlcella and TSB by spectrophotometry (data not shown).
Enumeration of C. jejuni. Numbers of C. jejuni in cultures used in experiments were determined by the serial dilution of a culture in Bolton's broth and the subsequent spread plating of individual dilutions on Carnpy-Cefex (Cefex) agar plates prepared by a modified protocol of Englen et al. (9) . Modifications included replacing 0.2 g of sodium cycloheximide with 0.05 g of nystatin (I ml of 0.5 g of nystatin in 10 ml of sterile water) and 0.01 g of rifampin (2 ml of 0.1 g of rifarnpin in 10 ml of 100% methanol and 10 mJ of sterile water) per liter of media. All antibiotics were obtained from Sigma-Aldrich (St. Louis, Mo.). Numbers of CFU on plates were determined after incubation in a microaerobic environment at 42°C for 48 h. To determine bacterial concentration, I-ml aliquots of culture were serially diluted into TSB, and dilutions from 10-1 to 10-10 were plated (in O.I-ml aliquots) in triplicate on plate count agar. Plates were incubated for 24 h at 37°C, and the number of CFU per milliliter in the original cultures was determined.
Duration of fluorescence of gfp. C. jejuni was tested to determine if the intensity of fluorescence diminished under the conditions of the experiments. The fluorescence of C. jejuni grown either in broth or on solid media without replenishment was monitored for up to 14 days. For both tests, C. jejuni (l00-1-l1 aliquots of a thawed culture) was initially spread onto Cefex plates, as described previously, and incubated in a microaerobic environment at 37°C for 48 h. For fluorescence observation of C. jejuni grown on solid media, cells were removed from plates every 48 h during a 2-week period and suspended in 2 ml of Bolton's broth. A wet mount of the suspension was prepared on a glass slide with coverslips (22 by 40 mm; 12-543-A, Fisher Scientific, Pittsburgh, Pa.) and low fluorescence immersion oil (Cargille Type DF, R.P. Cargille Laboratories, Inc., Cedar Grove, N.J.) for observation by epifluorescence microscopy. For the fluorescence check of C. jejuni grown in broth, cells were first removed from plates after 48 h of incubation and suspended in Bolton's broth (30 mJ) to yield a suspension with an absorbance value of 0.7 to 0.8. Subsequently, 2 mJ of the C. jejuni broth suspension was diluted fivefold in test tubes with Bolton's broth (final volume, 10 mJ). The diluted cultures were incubated at 37°C for up to 168 h. After 72, 120, and 168 h of incubation, subsamples of the culture were removed from the test tubes to prepare wet mounts, as previously described. Wet mounts of C. jejuni grown on Cefex plates or in Bolton's broth were observed by epifluorescence microscopy (Nikon Eclipse E600, Southern Micro Instruments, Marietta, Ga.) with a fluorescein optical filter (495-nm excitation and 518-nm emission) and a X 100 oil immersion objective. Images were acquired with an Optronics Magnafire camera (Optronics, Goleta, Calif.) and Lucius software (version 4. I, Image Content Technology LLC, New Britain, Conn.).
Direct observation of cell viability. Following fluorescence monitoring, the viability of C. jejuni in nonreplenished nutrient conditions was confirmed. The CTC (5-cyano-2,3-ditolyl tetrazohum chloride) staining protocol (Polyscience, Inc., Warrington, Pa.) was used to determine viability for up to 7 days of incubation. A solution (4.0 mM) of the CTC stain was prepared by adding 5.75 ml of distilled water to 0.5 mJ of 50 mM CTC. C. jejuni (l00-1-l1 aliquots of a thawed culture) was initially spread onto Cefex plates, as described previously, and incubated in a microaerobic environment at 37°C for 168 h. After 48, 96, and 168 h of plate incubation, C. jejuni cells were removed from plates and suspended in 2 mJ of R2A broth (Difco, Becton Dickinson, Sparks, Md.). Cells were stained by adding 200 I-ll of the 4 mM CTC working solution to the suspension and incubating for 1 h at 37°C. Stained cells were captured by microfiltration through 25-mm black polycarbonate membrane filters (0.2-l-lm pore size; Osmonic Inc., Minnetonka, Minn.). Filters were air dried prior to mounting and viewed by epifluorescence microscopy with a X 100 oil immersion lens having a fluorescein-Texas red double optical filter (470-excitation and 615-nm emission).
Biofilm formation. The following protocol was used to inoculate coupons with cultures of C. jejuni, WCR, or a combination of C. jejuni and WCR prior to CLSM analysis. C. jejuni in cryovials was thawed, and 100-1-l1 aliquots were spread Onto Cefex agar plates, which were incubated in a microaerobic environment at 37°C for 48 h. Subsequently, C. jejuni was removed from agar plates and suspended in Bolton's broth. Following suspension, the culture was diluted fivefold in Bolton's broth (10 ml) to an absorbance value of 0.10 to 0.20 (l0 8 cells per rn1). Thawed WCR cultures that were grown by adding 200 J.1l to 9 ml of Bolton's broth and incubated for 18 h at 37°C were diluted (from an absorbance of 1.5 to 1.6) either 10-or 50-fold in the same manner as C. jejuni. Irradiated stainless steel coupons were added to duplicate test tubes containing one of the following in 10 ml of Bolton's broth: C. jejuni (1:5 dilution), WCR (l: 10 or I :50 dilution), or C. jejuni (1:5 dilution) and WCR (l :10 or 1:50 dilution). Test tubes with coupons in sterile Bolton's broth were used as negative controls. After the incubation of sample tubes at 37°C for 24, 48, 96, or 168 h, coupons were aseptically removed and rinsed three times in Bolton's broth before observation by CLSM analysis.
The CLSM analysis was performed with a Leica TCS NT SP2 confocal microscope (Leica Microsystems, Heidelberg, Germany) equipped with an argon laser (excitation wavelength, 488 nin) to excite gfp in cells of C. jejuni. Emitted light was collected through a triple dichroic mirror (TD) 488/568/633. A X63 water immersion objective lens was used for microscopic observation of treated and control stainless steel coupons secured on glass slides under coverslips (22 by 40 rnrn; 12-543-A, Fisher Scientific). The TCS NT software (version 1.6.551, Leica Microsystems) was used to obtain and process three types of images collected at a scan rate of 400 Hz (expressed as lines per second). First, images assigned to the green channel were those with emitted light (499 to 539 nm) associated with the fluorescence of gfp. Second, images assigned to the red channel were those with emitted light (552 to 591 nm) associated with the autofluorescence of the stainless steel. Third, images assigned to the gray channel were those with reflected light (476 to 496 nm). Two-or three-color images were obtained by overlaying images from individual channels by the TCS NT software. The surface area (expressed in square micrometers) covered by C. Data analysis. Data were analyzed by analysis of variance SAS software (Statistical AlJAlysis Systems Institute, Cary, N.C.). The least significant difference test (P = 0.05) was used to determine differences among means of the biofilm surface area coverage of C. jejuni and the mixtures of bacteria. All experiments were replicated twice with duplicate samples.
RESULTS AND DISCUSSION
Bacterial growth. A protocol was developed for growing C. jejuni alone or within biofilms containing bacteria from the poultry-processing environment (WCR) on stainless steel coupons. The predominant bacteria in the WCR cultures were isolated and identified previously (5) and included genera such as Enterobacter, Escherichia, Klebsiella, Pseudomonas, Bacillus, Enterococcus, and Micrococcus. Bacterial growth was monitored by spectrophotometry during incubation for biofilm formation. Table 1 summarizes the final absorbance values of each of the bacterial cultures to which the stainless steel coupons were exposed. Stainless steel was selected as the substrate for biofilm formation in these studies because it is one of the most common food contact materials found in the processing plant (2) . Bacterial attachment to stainless steel typifies the attachment process for most other processing materials (3). An incubation temperature of 37°C was used, because it was the approximate temperature in early processing after defeathering where the broiler carcasses were collected. In addition, this temperature supports the survival of pathogens that cause human foodborne illness.
Under these conditions, the growth of C. jejuni and the WCR cultures, separately and in mixtures, remained stable during the experiments (Table 1 ). There were approximately equal increases and decreases in the absorbance values at 24, 48, 96, and 168 h for each type of bacterial culture, reflecting an equilibrium. Howevel~only the absorbance values of the 1:5 dilution of C. jejuni were significantly different from each of the dilutions of WCR and from each of the mixtures. Values for the WCR alone and for the mixtures were not significantly different at any of the time periods.
Biofilm formation by C. jejuni in pure culture. C.
jejuni formed a biofilm on stainless steel. Figure 1 illustrates the green fluorescence from C. jejuni observed at day 14. Differences in size, shape, and intensity of the fluorescence from the gfp were observed. The surface area (expressed in square micrometers) of ROls (corresponding to single cells and clumps of C. jejuni) was assessed by the histogram statistical function of the TCS NT software. The ROIs were not uniformly dispersed over the sample surfaces. The average surface area (in a 5.66 X 10 4 /-Lm 2 field of view) covered by C. jejuni increased by 50% from 40 /-Lm 2 at 24 h to 65 /-Lm 2 at 48 h ( Table 2 ). The area remained approximately the same from 48 to 96 h (65 to 66 /-Lm 2 ). Subsequently, the average surface area covered by C. jejuni decreased by 88% to 28 /-Lm 2 after 168 h of incubation. In parallel to the increase in the surface area of the coupons associated with C. jejuni over time, the number of discrete cells or cell clumps increased during 24 h to approximately equal levels at 48 and 96 h and decreased after 168 h.
Fluorescence duration and viability. It is feasible that live and dead cells of C. jejuni were fluorescing during biofilm formation. A study by Skillman et al. (20) showed that dead Escherichia coli cells with plasmid-encoded gfp fluoresced as long as gfp was synthesized before death. C. jejuni fluorescence and viability in a depleting nutrient environment were assessed before cells were allowed to form biofilms that were subjected to the same conditions. To verify that fluorescence from C. jejuni did not diminish during this study, fluorescence was monitored by epifluorescence microscopy. C. jejuni was grown in Bolton's broth without replenishment and on solid media without being transferred to fresh plates. C. jejuni from broth was observed after 72, 120, and 168 h of incubation at 37°C, and fluorescence persisted after up to 168 h. C. jejuni grown on solid media was monitored at 48-h intervals for 2 weeks. Fluorescence was strongly displayed through day 14 (Fig. 1) . Whether the cells were grown on solid media or in broth, f1uores-cence was similar. The control with WCR culture only did not display any fluorescence.
C. jejuni was monitored for viability in pure culture prior to attachment with mixed cultures. Cell viability was confirmed by CTC staining. After staining with CTC at a concentration of 4.0 mM, bright red fluorescence was detected in C. jejuni cells when observed by epifluorescence microscopy at 48, 96, and 168 h. Red fluorescence from the formazan remained after up to 168 h (Fig. 2) . This indicates that the cells remained viable for up to 7 days, because the reduction of CTC to red formazan requires actively respiring cells (17) . Further evidence of viability was indicated by the increase in absorbance values during the experiments (Table 1) , which indicated growth in all of the biofilm cultures.
Biofilm formation by C. jejuni and mixed populations of bacteria. Mixtures of C. jejuni and WCR formed biofilms on stainless steel. Data on the surface area of stainless steel associated with C. jejuni showed that the presence of mixed populations of bacteria could enhance the number of C. jejuni (Table 2) . When grown together, the area of C. jejuni that resulted from a 1:5 dilution of C. jejuni culture and a 1: 10 dilution of WCR culture was significantly greater than for C. jejuni alone at 24 h. The CLSM micrographs also showed greater coverage of C. jejuni (Fig. 3A) on stainless steel after incubation with WCR (Fig. 3B) production of exopolymeric material by the initially colonizing pseudomonad enhanced the attachment to stainless steel of L. monocytogenes, which formed a sparse biofilm when grown in pure culture. In the present study, a mixture of 1:5 C. jejuni and 1:50 WCR also generated an average area at 24 h that was greater than that observed for C. jejuni. However, the data presented in Table 2 show that the presence of mixed populations of bacteria enhanced the number of C. jejL/ni on stainless steel at 24 h only.
The area of coverage by C. jejL/ni in the mixture with 1:10 WCR was approximately the same as C. jejuni alone at 48 and 96 h but was significantly less by 168 h. The area in the mixture with 1:50 WCR was approximately the same at 48 h but was significantly less by 96 h. The area covered by C. jejuni after 168 h in mixtures with these diluted bacterial cultures was the least observed during the time course. The C. jejL/ni cells may have been dying off from nutrient depletion or may have been less able to attach as time passed.
C. jejL/ni detachment from mixed biofilm could have several causes that have been suggested in the literature. Changes in membrane transport, metabolism, and protein synthesis in attached, immobilized C. jejuni may have precipitated detachment after exposure to a static biofilm environment (18) . Nutrient changes in the environment may also have caused clusters of the mature mixed-species biofilm to detach, thus removing a large portion of C. jejL/ni along with it over time (21) . Another reason for detachment of C. jejL/ni from the biofilm could be attributed to an enzyme regulator controlling biofilrn stability that was concentration-dependent (22) . Overall, quorum sensing was most likely involved in the detachment process to allow any of these mechanisms to take place (11).
Cells grown in biofilm mode appear more sensitive to stress conditions that those grown in broth (8) . The earlier decrease at 96 h (Table 2 ) by C. jejL/ni when mixed with the less concentrated 1:50 dilution suggests otherwise. C. jejuni may not be detected as well after longer incubations, because it is covered by more rapidly growing bacteria in the mixture. As mature biofilm forms and the population becomes dense, with increased inhibitory metabolites and areas of nutrient depletion, the cells begin detaching from the biofilm, singly or in floes. The single strain, C. jejuni, biofilm grows ( Table 1 ) and matures more slowly and could be rapidly overgrown in an equally mixed culture. Proportionate mixtures of C. jejuni and the WCR were tested to generate mixed biofilms in which C. jejuni could survive for the duration of the study.
C. jejuni cells on coupons were not stained with CTC or viability stains because the CTC would have stained all the viable cells present in the entire biofilm and would not have differentiated the viable C. jejuni from the rest of the biofilm. The pure culture monitoring (fluorescence and viability stains) was done to gauge if C. jejuni survived in a nutrient-deprived environment for the duration of the experiments. The data showed that C. jejuni was able to survive and fluoresce for up to 7 days in nutrient-deprived conditions.
The biofilm could have been stained by other methods. However, our previously published data for the production of WCR biofilms (2, 3) were used as a template to establish the biofilms containing WCR and C. jejuni in the present study. Appropriate controls were maintained throughout the experiments to validate the protocol. The previous publications contained three-dimensional analysis by scanning electron microscopy and atomic force microscopy. In this article, confocal microscopy was used to visualize the target cells with specific staining inside the growing biofilms. Counts of the cells and measurements of changes in the areas of coverage by the biofilms during timed sequences provided quantitative data for C. jejuni biofilms that have not, to our knowledge, previously been reported in the literature.
Autofluorescence. The CLSM images of stainless steel coupons exhibited a yellowish green autofluorescence. Light associated with this autofluorescence was subsequently defined as that with a wavelength between 552 and 591 nm and was displayed in a separate channel, designated the red channel. By overlaying images from the gray, green, and red channels, areas of a coupon associated with C. jejuni (evidenced by only a green color) could be differentiated from those associated with autofluorescence (evidenced by red and green colors overlaying the same area). The autofluorescence diminished with increasing incubation periods of the coupons with WCR cultures, possibly due to coverage of the steel with nonfluorescent bacteria. Problems in distinguishing gfp fluorescence from endogenous autofluorescence have been well documented, and a review of techniques for differentiating the two phenomena is available (4). However, the major sources of autofluorescence discussed in the review by Billinton and Knight (4) are cellular or media. In our studies, the autofluorescence originated with the stainless steel and not an organic component of the sample, as indicated by autofluorescence from stainless steel observed by CLSM with water as a negative control (Fig. 3C ). This autofluorescence appeared to be related to occasional imperfections in the surface structure of the steel and was not uniform across the surface of an individual coupon. Autofluorescence from the stainless steel coupons was confirmed (data not shown) with a commercially available gfp meter (Opti-Sciences Inc., Tyngsboro, Mass.), which utilizes fiber optics to detect gfp. This portable instrument was previously used to quantify fluorescence from gfp in intact plant organs (15) .
C. jejuni formed a biofiim on stainless steel. The viability of C. jejuni was maintained for 7 days, and the fluorescence of gfp was maintained for 14 days while in nutrient-depleted environments. Biofilms containing C. jejuni and mixed populations of bacteria were produced on stainless steel. Although WCR cultures were not necessary for attachment of C. jejuni to stainless steel, the presence of WCR was associated with a significant increase in coverage of C. jejuni after 24 h. After 168 h, fluorescences from the area covered by C. jejuni in each type of biofilm decreased. Future studies with continuous and in situ cultures will be used to clarify the role of C. jejuni and WCR bacteria in biofilm interactions and to determine if nutrient limitation affects attachment and biofilm formation. Identifying the role that pathogens play in bacterial attachment and biofilm formation will help determine the relative importance of pathogens found in the food processing plant to food safety. Our ultimate goal is to reduce the risk of foodbome disease by determining how the pathogen interacts with other bacteria and to use this information to develop effective intervention strategies that minimize the contamination of food products.
